Sleep disturbances are associated with hormonal imbalances and may result in metabolic disorders including obesity and diabetes. Therefore, circuits controlling both sleep and metabolism are likely to play a role in these physiopathological conditions. The hypocretin (Hcrt) system is a strong candidate for mediating both sleep and metabolic imbalances because Hcrt neurons are sensitive to metabolic hormones, including leptin and ghrelin, and modulate arousal and goal-orientated behaviours. This review discusses the role of Hcrt neurons as a sensors of energy balance and arousal and proposes new ways of probing local hypothalamic circuits regulating sleep and metabolism with unprecedented cellular specificity and temporal resolution.
also known as orexin, system as a sensor for metabolism and arousal in the modulation of wakefulness, sleep and comsumatory behaviours. Hcrt neurons and other hypothalamic neuronal populations are strongly interspersed, which makes the study of their physiological functions extremely difficult. Use of newly developed optogenetic methods to selectively interrogate neuronal circuits has been proposed to gain a better understanding of the neuronal circuits underlying sleep and metabolism imbalances.
Hypothalamic regulation of metabolism
Appetite results from the integration of metabolic and hormonal signals within the central nervous system. The hypothalamus is an important brain area regulating several homeostatic processes including energy balance (Saper, 2006) . Neurons in the arcuate nucleus of the hypothalamus act as sensors of circulating hormones (Fig. 1A) . The satiety hormone leptin is produced by adipose tissues and inhibits arcuate neurons that coexpress neuropeptide Y (NPY) and agouti-related peptide (AGRP) and activates proopiomelanocortin (POMC) neurons that also coexpress cocaine-and amphetamine-related transcripts (CART). In contrast the appetite-stimulating hormone ghrelin is produced in the gut and has the opposite effect (Abizaid & Horvath, 2008) . Thus, activation of POMC/CART and NPY/AGRP neurons have anorexigenic and orexigenic properties, respectively. In addition, leptin also increases energy expenditure, possibly via increased thermogenesis, whereas ghrelin decreases locomotor activity and thus promotes energy J Physiol 587.1 conservation (Knutson & Van Cauter, 2008) . These neurons convey feeding signals to the lateral hypothalamus (LH) that are further processed together with autonomic, endocrine and environmental inputs into appropriate behaviours (Fig. 1A) (Saper, 2006) . Thus, in regard to their hierarchical position in the integration process (Fig. 1A) , NPY/AgRP-and POMC-expressing neurons have been termed 'first order' (or 'sentinel') neurons; neurons in the medial and lateral hypothalamus producing hypocretins/orexins (Hcrt/ox), melanin-concentrating Figure 1 . Hypothalamic circuits regulate energy homeostasis A, schematic drawing of a coronal section through the entire rat brain showing the lateral hypothalamus (LH) and the zona incerta (ZI) and a magnification of the arcuate nucleus showing neuropeptide Y (NPY)/agouti-related protein (AgRP) and proopiomelanocortin (POMC)/cocaine-and amphetamine-regulated transcript (CART) neurons. Peripheral signals (leptin, ghrelin) directly regulate the activity of arcuate nucleus through the median eminence, which lacks a brain blood barrier. Leptin inhibits NPY/AgRP neurons and activates POMC/CART neurons whereas ghrelin has the opposite effect (Abizaid & Horvath, 2008) . These neurons project to mutiple brain regions including the lateral hypothalamus where signal is further processed and integrated into coherent feeding behaviour. B, schematic drawing of a saggital section through the rat brain showing the neuroanatomical organization of the Hcrt system. Dots indicate the relative location and abundance of Hcrt-expressing cell bodies. Arrows point out some of the more prominent terminal fields including the (noradrenergic cells of the LC), histaminergic neurons of the posterior hypothalamus, cholinergic cells of the basal forebrain, serotonine-procuding neurons of the raphe and dopaminergic neurons of the VTA. Abbreviations used: Amy, amygdala; Ctx, cortex; Hipp, hippocampus; LC, locus coeruleus; ME, median eminence; OB, olfactory bulb; OT, olfactory tubercule; PP, posterior pituitary; Sp Ch, spinal chord; Th, thalamus; VTA, ventro-tegmental area; LH, lateral hypothalamus; V, 3rd ventricle; ZI, zona incerta.
hormone (MCH), CART, corticotropin-releasing factor (CRF) and endocannabinoids (Abizaid & Horvath, 2008) have been termed 'second order neurons' .
Hcrt, sleep and metabolism: identical circuits, new functions
Hcrt-1 and 2 are neuroexcitatory peptides produced in approximately ∼6700 neurons in rat restricted to the LH (Peyron et al. 1998; Modirrousta et al. 2005) ( Fig. 1B) . Hcrt peptides bind to two specific Hcrt receptors (Hcrt-1R and Hcrt-2R) that results in increased neuronal excitability (Sakurai et al. 1998) . Hcrt neurons have widespread projections throughout the brain including the cortex, hippocampus, amygdala, nucleus accumbens, hypothalamus, thalamus, ventral tegmental area (VTA), locus coeruleus (LC) and the raphe (Sakurai, 2007) (Fig. 1B) . In turn, these neurons are the target of multiple neuronal cell types including those regulating the sleep-wake cycle, energy homeostasis and motivation (reviewed in Sakurai, 2007) . The resulting neuronal circuit supports Hcrt function integrating arousal, energy homeostasis and goal-orientated behaviours (Sakurai, 2007; Boutrel & de Lecea, 2008) .
Deficiency in the Hcrt system has been linked to narcolepsy in humans, dogs and mice, a chronic neurological disorder resulting in excessive daytime sleepiness, cataplexy and fragmented sleep (Chemelli et al. 1999; Lin et al. 1999; Peyron et al. 2000) . Cerebrospinal fluid (CSF) Hcrt-1 content is maximal during the wakefulness period and infusion of Hcrt peptides promotes wakefulness (Sakurai, 2007) . Collectively, these results support the hypothesis that the Hcrt system controls behavioural state boundaries by lowering the arousal threshold (Sutcliffe & de Lecea, 2002) . Accordingly, Hcrt neurons mediate stress-induced arousal since they are activated by CRF, a neurotransmitter that initiates the central stress response (Winsky-Sommerer et al. 2004) , and the flight-or-fight response is impaired in Hcrt knockout (KO) animals (Kayaba et al. 2003) . Thus, Hcrt neurons may integrate CRF-mediated stress response with homeostatic needs and environmental factors to promote arousal. Furthermore, recent studies suggest that stress-induced activation of Hcrt neurons may lead to 'hyper-arousal' -a state of physiological and psychological tension characterized by anxiety, insomnia and fatigue, which is often associated with post-traumatic stress disorders and drug abuse. In rodents, activation of Hcrt neurons has been linked to cues associated with drug and food reward and the development of opioid drug dependence and withdrawal (reviewed in Boutrel & de Lecea, 2008) . In contrast, morphine withdrawal symptoms, morphine-induced place preference and hyperlocomotion are diminished in Hcrt KO animals (Boutrel & de Lecea, 2008) . More importantly, the Hcrt system mediates stress-induced reinstatement of cocaine-seeking behaviour (Boutrel et al. 2005) . These recent data demonstrate Hcrt's ability to modulate motivation and reward pathways of the brain possibly via an increased sensitivity to glutamate in VTA synapses (Borgland et al. 2006) These modulations of arousal and reward by the Hcrt system suggest that the mild orexigenic effect induced by infusion of the peptides in the brain of rat (Sakurai et al. 1998 ) may result from increased arousal and possibly hedonic feeding. This hypothesis is supported by the fact that activation of Hcrt neurons correlates with opioid-induced palatable food intake in rats (Zheng et al. 2007) , possibly through Hcrt peptide action on the VTA (Borgland et al. 2006) . In addition, an Hcrt-R1 antagonist attenuated high-fat pellet self-administration in rats (Nair et al. 2008) .
The hypothalamic Hcrt system shares common brain circuits regulating arousal, metabolism and reward. How the Hcrt system modulates the activity of these circuits upon specific physiological inputs remains to be determined. According to Sutcliffe & de Lecea (2002) , the cortical and physiological arousal associated with Hcrt neurons activation may facilitate consummatory behaviours and other goal-orientated behaviours including stress response and reproductive behaviours (Muschamp et al. 2007; Boutrel & de Lecea, 2008) .
The Hcrt system: a sensor for metabolic changes
In humans, chronic short sleep decreases the concentration of leptin and increases glucose and ghrelin levels (Taheri et al. 2004; Penev, 2007; Tasali et al. 2008) . These hormonal changes are known to inhibit POMC/CART neurons and excite NPY/AgRP neurons resulting in a net feeding signal form the arcuate nuclei. This may lead to the increased body mass index and higher risk of developing obesity and type 2 diabetes associated with chronic sleep restriction. Although experimental evidence has shown that NPY/AgRP and POMC/CART neurons set up the initial feeding response, recent studies suggest that Hcrt neurons may also act as a 'primary' sensor of metabolism (which measures or detects a changing condition from neurotransmitters, neuromodulators, or metabolic factors and converts it into an output signal) (Fig. 2) . Decreased circulating leptin levels and increased glucose and ghrelin levels directly modulate Hcrt activity by increasing Hcrt neuron excitability (Burdakov et al. 2005 (Burdakov et al. , 2006 Sakurai, 2007; Williams et al. 2008) . Thus, enhanced Hcrt neuronal activity may promote consummatory behaviours, arousal and increased energy expenditure (via higher locomotor activity and metabolic rate) by activation of NPY/AgRP neurons and indirect inhibition of POMC/CART cells (Ma et al. 2007; Sakurai, 2007) , by activation of arousal centres of the brain (Sakurai, 2007) and by increased sympathetic tone (Sakurai, 2007) . Sensitivity of Hcrt neurons to triglycerides, carbon dioxide and pH (Williams et al. 2007 ) further supports a role for Hcrt neurons in sensing metabolic factors. A direct consequence of this increase in Hcrt system activity is an instability of the sleep-wake cycle, since selective stimulation of Hcrt neurons in vivo increases the probability of NREM and J Physiol 587.1 REM sleep-to-wake transitions (Adamantidis et al. 2007 ). This positive feedback may result in extended periods of sleep and metabolism perturbation that may be counterbalanced by the sleep-promoting effect of accumulated adenosine (Liu & Gao, 2007) and the disinhibition of sleep-promoting circuits such as GABAergic/glycinergic cells of the ventrolateral preoptic area (VLPO) (Lu & Greco, 2006) . Thus, the Hcrt system provides intra-and extrahypothalamic target circuits with a local sensor circuit that detects subtle changes in metabolism and arousal. One of those is the dopaminergic mesolimbic pathway (Borgland et al. 2006) , whose activation is associated with motivation and incentive salience. Interestingly, dopaminergic cells are sensitive to metabolic factors and have been identified as crucial brain regulatory circuits of energy homeostasis (Abizaid et al. 2006; Fulton et al. 2006; Hommel et al. 2006) . Direct administration of leptin into the VTA decreases food intake (Hommel et al. 2006) , possibly through modulating dopamine release in the nucleus accumbens (Fulton et al. 2006) , whereas VTA administration of ghrelin has the opposite effect (Abizaid et al. 2006) . Moreover, leptin reduces the firing rate of VTA neurons, whereas ghrelin and Hcrt have the opposite effect (Abizaid et al. 2006; Hommel et al. 2006; Muschamp et al. 2007) . Finally, dopamine is necessary for appropriate Figure 2 . Hcrt system as a sensor of metabolism Hcrt neurons are inhibited by leptin and activated by ghrelin and glucose. In addition, they received indirect circadian inputs that are integrated with metabolic signals to modulate sleep and metabolism. Chronic short sleep perturbation induces metabolic changes including lowering leptin levels and increasing ghrelin levels that directly increase the activity of the Hcrt system. This increase in Hcrt activity promotes consummatory behaviours (food, drug), energy expenditure (via higher locomotor activity and metabolic rate) and sleep-to-wake transitions. Consequently, activation of the Hcrt system inhibits sleep and energy conservation. Triggering activity of the Hcrt neuronal circuit by circulating metabolic factors may then result in a positive feedback loop, which worsens existing sleep perturbation symptoms. This positive loop is inhibited by increasing sleep pressure (a consequence of sleep demand) and may result in a stabilization of the sleep-wake cycle. V: 3rd ventricle.
occurrence and electroencephalogram spectral quality of REM sleep during the sleep-wake cycle (Dzirasa et al. 2006) , and REM sleep occurrence correlates with a change of firing patterns of dopaminergic cells in the VTA (Dahan et al. 2007 ).
In conclusion, Hcrt neurons act as 'first order' , instead of 'second order', sensors of subtle fluctuations of metabolic factors, as suggested by the recent studies described in this review. These signals are integrated with others inputs (internal, external) by hypothalamic local circuits and brain reward pathways to regulate brain states and consummatory behaviours. However, the underlying molecular and cellular mechanisms by which Hcrt neuronal activity is relayed to brain circuits regulating arousal, metabolism and reward remain unknown. Such goals are now being made possible by newly developed optical methods to selectively manipulate neuronal circuits with unprecedented cellular specificity and temporal resolution.
Next-generation tools for manipulating neuronal circuit activity
Hcrt-containing neurons account for only 10-30% of all neurons in the LH region, and are surrounded by multiple neuronal subtypes with excitatory, inhibitory and complex modulatory properties (e.g. NPY/AgRP, POMC/CART, Hcrt, MCH) (Gerashchenko & Shiromani, 2004) . Therefore, correlations between cellular activity and specific behaviour using classical methods of manipulation of brain function, including lesions and electrical stimulations, may be difficult to interpret. Some of these limitations have been partially overcome by the use of mouse genetics including gene knockouts, mutations and targeted neuronal ablations. To overcome the lack of specificity and low temporal resolution of these approaches, optical tools to manipulate membrane potential of defined cell populations have been recently developed. Such techniques are classified on their molecular mechanisms and have different temporal and spatial resolutions (reviewed in Zhang et al. 2006; Sjulson & Miesenbock, 2008) . Optogenetics uses light-sensitive cations channels (channelrhodopsin-2, VChR1; Zhang et al. 2008) or an ionic pump (halorhodopsin or NpHR (Natronomonas pharaonis halorhodopsin); Zhang et al. 2007) to selectively depolarize or hyperpolarize, respectively, specific neuronal cell groups with millisecond time scale temporal resolution. We recently used optogenetic stimulation to manipulate Hcrt neuronal activity in vitro and in vivo using a fibre optic-based system Gradinaru et al. 2007) to deliver light in the hypothalamus in freely moving animals (Adamantidis et al. 2007) . We found that optical stimulation of ChR2-expressing Hcrt neurons increases the probability of NREM and REM sleep-to-wake transitions in vivo (Adamantidis et al. 2007) .
This approach has been used successfully for optical interrogation of the role of intact neural circuits on specific behaviours in mamalian and non-mamalian species (Lima & Miesenbock, 2005; Schroll et al. 2006; Adamantidis et al. 2007; Zhang et al. 2007; Huber et al. 2008) . Genetic targeting of ChR2 or NpHR into defined classes of hypothalamic neurons allows bimodal manipulation of specific circuit activity and avoids the inadvertent stimulation of neighbouring neurons that occurs with electrical stimulation.
Thus, optogenetics may be use to deconstruct the connectivity and manipulate the plasticity of intermingled hypothalamic circuits (e.g. Hcrt, MCH, NPY, POMC, etc.) (Fig. 3) . The possibility of inhibiting single action potentials in cells targeted with NpHR opens new questions about the neuronal encoding of J Physiol 587.1 information by hypothalamic cell populations. Whereas electrophysiological recordings of neurons tagged with fluorescent markers have generated valuable information about the cellular properties of hypothalamic cells, genetic tools allow manipulation (stimulation and inhibition) of entire targeted neuronal population with temporal and spatial resolutions relevant to physiological conditions. Combination of optogenetic stimulation and inhibition with voltage sensitive dyes and calcium sensors will allow non-invasive all-optical interrogation of neuronal circuit function and plasticity associated with specific behaviour (Zhang et al. 2006) (Fig. 3) . Eventually, it will define the dynamics and functions of hypothalamic circuits in arousal, sleep and compulsive consummatory behaviours. Elucidating the responsible mechanism and the circuits involved will define new treatments for associated metabolic and arousal disorders.
Summary
In this review, we proposed that the Hcrt system has a primary sensory function for metabolism that is integrated with additional physiological inputs (circadian, motivation, environment) into appropriate goal-orientated behaviours. The Hcrt system also acts as an arousal sensor through its sensitivity to circulating metabolic factors (leptin, ghrelin, glucose) since their concentration correlates with modification of arousal. We hypothesize that plasticity of this functional circuit results in a positive feedback loop between Hcrt sensory and effector properties that may be responsible for the metabolic disorders associated with sleep perturbation. Optogenetic tools now allow functional deconstruction of hypothalamic neuronal circuits with unprecedented spatial and temporal resolution relevant to in vivo physiological conditions. Such synergy between genetic tools to manipulate and monitor neuronal activity will definitely help to decipher the function of each hypothalamic circuit in regulating homeostatic processes of arousal, metabolism, motivation and reward.
